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I. INTRODUCTION

Studies of ambient sea noise have shown that 1levels in certain
regions of the noise spectrum are related to local wind conditions. 1In
his paper, wenz1 presented a generalized wind-dependent noise spectrum,
which was supported by data from many experiments at frequencies above
200 Hz. Below 200 Hz, it was apparent that, in general, the sea noise
level is controlled by non-wind related sources, such as biological,
shipping, and other manmade industrial activity. However, Tlater
measurements at frequencies below 10 Hz have indicated that the wind can
also have a considerable effect on noise levels in this part of the

spectrum.2

Several mechanisms have been proposed to account for the transfer of
energy from the wind to the ambient noise field at low frequencies. One

of these considers that the noise source lies in turbulent pressure
3-7 A second considers
3,8-15

fluctuations in the atmospheric boundary layer.
the role of nonlinear interactions between ocean surface waves,
a third examines the interaction of both surface waves and turbulence.
Yen and Perrone6 provide a useful review of the basic sound generating
mechanisms attributed to wind disturbance of the ocean surface.

and
16

Because reported ambient noise data are sparse at frequencies below
10 Hz, it has been difficult to assess the agreement between theory and
experiment. However, a significant contribution was made recenily when
Nicho]sl7 presented new data and made comparisons with both theory and
other relevant experimental results. His summarized evidence suggests
that nonlinear wave-wave interactions and/or turbulence are the most
likely noise generating mechanisms. While the 1lack of detailed
environmental data did not permit definite identification, the evidence
identifying the importance of nonlinear interactions appears to be
growing.

For reasons outlined later, long term wave recordings have been
carried out on the west coast of New Zealand to establish the general
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i nature and characteristics of the wave field in the area. However,
" because this particular region possesses certain unique features helpful
to the examination of more specific ocean wave phenomena, the general
. program was expanded.

The particular supplementary study on which this report is based has
been concerned with the role of wave-wave interactions- in the generation

{ of both wave induced microseisms and the ocean ambient noise field at
very low frequencies. In spite of the vast 1literature on the
subjec:t,n’m'23 debate persists as to the precise nature of the

18-20 and, as discussed -earlier,

mechanism of microseism generation
similar ambiguity exists concerning the source of the noise field in the
infrasonic region. Because nonlinear wave-wave interactions are also
invoked to account for the self-stabilization of the ocean wave
spectrum,24 a parallel investigation has been concerned with the growth
and decay of the ocean wave field. A third study has assessed the extent
to which local sea state can be monitored using land based seismic

sensors as has been done elsewhere in a less complicated environment.25

These studies are obviously closely related. It seemed that all
might be profitably addressed in this particular geographical region
through a correlation of sea state and the seismic response it generates.
Existing seismic data- in the range 0.1-2 Hz shows that a close
relationship exists between the sound pressure at the seafloor and the
seismic ground wesponse.Zl'23 Further, while the seismic amplitude
spectrum will depend on both the source spectrum and the response or
transfer function of the ocean/seabed system,3 the restricted geophysical
data available for this region26 and the results of some preliminary
measurements suggested that the transfer function would not unduly
distort intercomparisons over the frequency range of interest. (In
another study to be reported, the ocean wave and seismic measurements
were supplemented by recordings of the ambient noise field; but, in the
present study, no hydrophone was available.)

Much of the detail of the analysis carried out will be more
appropriately reported later. However, some of the results obtained

.................................
.................................................

......................
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provide a timely supplement to Nichols' review
presentation in this forum.
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II. BACKGROUND TO THE MEASUREMENT PROGRAM

In 1969, a major natural gas and condensate field was discovered off
the west coast of the North Island of New Zealand (Fig. 1). Because the
Maui field, as it has been named, is some 30 km from the coast in water
depths around 100 m, the commissioning of the field has involved a major
offshore engineering operation. '

t In common with all modern industrial undertakings, the development
of the Maui field presents a potential conflict between the material
needs of society and the preservation of the environment. Through
concern, as well as respect, for the environment, the company responsible
for the undertaking commissioned a study of the characteristics of the
Maui seas to establish any impact of the engineering operation on the
region. The Maui Development Environmental Study27 proved to be equally
relevant in regard to the impact of the environment on the engineering
operation. '

The study involved programs in physical and chemical oceanography,
coastal geology, and marine biology. A major element of the physical
oceanography program has been the wave-climate investigation referred to
earlier. Preliminary reports on some of the wave properties established
in the early part of the program have been presented a]ready;zs’29 but
more extensive analyses, based on the larger data file which now exists,
are being prepared as a new series, of which this report is one. o

The preliminary analysis established that the wave field can vary
significantly throughout the Maui region due to both the orographic :
influence of Cook Strait and to the high level, long period southwesterly o
swell which has its origin in the Southern Ocean.

o .
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New Zealand is subject to a regular succession of weather systems
which cross the country from west to east. The mountain chain running o
roughly NE/SW and centered on Cook Strait acts as a barrier to the air ‘
flow associated with these systems and produces funneling effects and
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strong winds in the Cook Strait and Maui region. Further, as the weather -
systems pass across the country, the Cook Strait area experiences well
defined changes in the wind field, the wind vector often swinging quickly
through approximately 180° from the northwest to the southeast.

These regularly occurring southeasterly events which characterize
the Maui region were early recognized as providing ideal conditions for
the study of ocean wave phenomena. Not only are the wind changes well :
defined and repetitive, but the west coast of the North Island, just .

north of Cook Strait, presents an almost orthogonal coastline to the @
southeast winds and the overall area defines a constant fetch of
approximately 200 km at the Maui platform.
..
- @
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IIT. INSTRUMENTATION AND PROCEDURES

Details of the instrumentation employed are available e]sewhere27’30

and only a brief description is given here.

The wave data were provided by a Datawell Waverider buoy (known as
Maui-A) moored in approximately 110 m of water, close to the Maui
platform. The signal from this unit was received on shore 30 km away and
the analog output representing sea surface displacement was recorded on
an instrumentation tape recorder. Also recorded were the output of a
Teledyne Geotech SL210 long period seismometer installed at the receiving

vﬁ‘v‘v'r, -

site, and a time code signal. Recordings of 20 min duration were

initiated automatically every 4 h. In addition to the magnetically
recorded data, the raw analog wave signal was processed to provide a
continuous record of significant wave height and mean zero-crossing
period.

Meteorological parameters for the Maui region were provided by the
NZ Meteorological Service. The parameters supplied included:

(1) hourly tabulations of wind speed and direction measured with an
anemometer mounted on the Maui platform,

(2) air and sea temperatures recorded at the platform by support
vessels, and

(3) wave direction information as observed ty the platform and its
support vessels.

Spectral analysis of the magnetic tape recordings of sea surface and
ground displacement was effected on a Unigon dual channel FFT processor
(Mode1 4520) and a PDP-11 computer in two stages.

In Stage 1, the tapes were replayed into the FFT processor and the i&fﬁ;é
processed data transferred to the PDP-11 and stored. The wave and A
seismic signals were processed together.
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Computed FFTs on each channel of the Unigon 4520 consist of 400
spectral estimates, the levels of which are given in decibels with
respect to the sensitivity settings of the input. Each spectral estimate
is an integer from O (-96 dB re 1 V) to 2047 (0 dB re 1 V), representing
the band level (BL) of the signal. It is converted to a spectrum level
(SL) according to the relation

where BW is the bandwidth of each spectral estimate.

The frequency analysis range and playback tape speed were such that
the effective frequency analysis range was 0-1 Hz with a spectral
resolution of 1.17 x 102 Hz.

The 20 min recordings allowed an average of three consecutive
maximally overlapped sweeps to be obtained. The procedure followed was
to transfer each of the three average spectra to the PDP-11, scrutinize
them for quality, and then compute the final spectrum as the average of
these three. The spectra were then stored on file in daily lots of six
spectra for Stage 2 of the analysis procedure.

Stage 2 involved spectrum scaling, parameter computation, and
plotting. The raw spectra stored from Stage 1 were scaled to have units
of variance density (mZ/Hz) and the following basic output parameters
were computed.

(1) The number of degrees of freedom.

(2) The number of the individual spectra in the final average.

(3) The significant wave height computed from the variance of the
spectrum according to the Longuet-Higgins31 relation,
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where the nth moment Mn of the spectrum P(f) is defined as

M, = f £p(f)df .
[¢]

(4) The mean period computed from the relation
1/2
S 1Y R
mean "2
(5) The maximum spectral estimate.
, (6) The frequency of the maximum spectral estimate.

(7) The variance of the spectrum defined as the area under the

spectrum,
o2 =rP(f)df .
o
(8) The spectral width parameter defined as

2 q1/2
My
Spectral Width = [1 - —@4] i

The wave and seismic spectra were plotted over the frequency bands
0.03-0.5 Hz and 0.095-1.0 Hz, respectively, and presented initially
according to their GMT recording time. Various presentations were
developed from this format as required.

-
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IV. NONLINEAR SURFACE WAVE INTERACTIONS . @

The solution of the linearized equations of hydrodynamics produces
the well known expressions for gravitational and capillary surface waves
and the subsurface effects they produce. The internal disturbances, such @
. as pressure and water particle movement, decay rapidly with depth and are :
9 negligible at a depth of the order of a wavelength. - If second order
terms are considered in the hydrodynamic equations, other effects appear. o
.E In particular, as first reported by Miche,8 the generation of very low .
2 frequency pressure fluctuations due to the nonlinear interaction of c
: opposing waves on the ocean surface can occur. The distinctive features

o of these waves are that the pressure effects they produce do not decrease oo
h with depth, occur at twice the surface wave frequency, and are L
proportional to the amplitude product of the interacting waves producing L
them.

Miche's theory was developed by Longuet-Higgins” in providing an ex- A
planation for the ocean-induced component of the microseism field. This

analysis, still related to microseisms, was expanded further by

Hasselmamn,3 Nanda,10 and Darbyshire and 0keke11 in particular. With the o
recent interest in the ocean ambient noise field at frequencies below :Q—”dj
10 Hz, Miche's basic theory has also been considered by Br'ekhovskikh,12 L
Harper and Simpkins,13 Hughes,14 and Lloydl5 in seeking a theoretical

basis for the observed acoustical spectrum at low frequencies and its e
relation to surface wind conditions. o

)
Y

Apart from small inconsistencies, which have been clarified by
Lloyd, the theoretical predictions for the pressure field produced by R
nonlinear interactions are essentially the same in all -‘ o
treatments--Hasselmann  (Ref. 3, Eq. 2.15), Brekhovskikh  (Ref. 13,
Eq. 53), Hughes (Ref. 14, Eq. 33), and Lloyd (Ref. 15, Eq. 35).

When the contribution from capillary waves is ignored, the .. .
expression for the one-dimensional power spectrum of the pressure field el
Sp(2w) can be written in the form '-

el - B
13 L ]




------------------------------------------------------------------

2 2 2 (2%
Sp(2w) = 81r£—g— w3[Sa(w)] I G(w) G@©+7r)de s (1)
c 0

where 6 is the surface density of seawater, ¢ the ocean sound velocity, w
the angular frequency of the surface wave, Sa(w) the power spectrum level
of the surface wave displacement, and the function of © describes the
directional properties of the wave field. Following Lloyd,ls and using
the value for the integral adopted by Hughes,14 Eq. (1) reduces to

2,2 2
() = v £4- 3 [sa@)] (2)

To obtain the displacement spectrum Su(2w), relevant to the seismic
measurements, the exciting pressure field must be modified by the
transfer function of the layered medium so that in terms of Eq. (2)

22 2
sulzw) = 7EF- KT (20) w’[5a(w)] , (3)

where K1 is a factor involving the active area of the nonlinear
interactions and the distance from the sensor, and TE(Zw) is the transfer
function for the vertical displacement of the elastic half space and n is
the mode number.

Hasselmann3 examines the properties of T3(2w) for a particular
environmental model and gives a curve for the ratio of the effective
transfer function to the transfer function for the Rayleigh mode alone,

TG(Z"’)/Tﬁ(Zw)--MS Fig. 3. Tﬁ(Zw) is proportional to frequency and the
constant of proportionality is governed by the elastic properties of the
half space. Thus, the frequency dependence of TE has to be taken into
account when considering absolute values. The overall frequency
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dependence will depend on the shape of the curve relating T"/T to the
nondimensional frequency 2“% (H=water depth)--see Hasse1mann, Figs. 2
and 3. In the simplest case, the maximum of this ratio curve will be
well above the frequency range of interest here and the simple

dependence of the Rayleigh transfer function will apply. In this case,

we can write

2 2 2
Su(2w) =7 ch— K]K2w4 [Sa(w)] , (4)

where K2 is a constant associated with the Rayleigh transfer function.

For this simplest case, therefore, it follows that (1) there should
be a two-to-one frequency relationship between the seismic and ocean wave
spectra; (2) the power spectral levels of the vertical component of the
ground displacement should be proportional to the square of the power
spectral levels of the ocean wavefield; and (3) the ratio
RS=Su(2w)/[Sa(<.J):|2 should display a fourth power dependence on freguency.

In their analysis, which considers the angular distribution of the
ocean surface wave field as a wave number spectrum, Yen and Perrone
derive a wave number and frequency power spectrum of the pressure field
(their Eq. 44) characterized by the fourth power of w instead of the SR
third. Evaluated in terms of the Brekhovskikh formulation, this leads to N
an expression for the one-dimensional frequency spectrum SRR,

Sp(2w) = 0.57 9-2- wb [Sa(w)] f cos (e . (5)

This is similar to Eq. (1), but implies that full consideration of
the angular distribution of the wave field leads to an extra power of
three in the frequency dependence.
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V. GENERAL RESULTS

A. Basic Correlations

Sea wave/microseism correlations in the Maui region give clear
evidence for the marine generation of microseisms in the frequency range
0.05-1.0 Hz. Comparison of any sea spectrum and its seismic equivalent
will identify peaks in the wave spectrum with corresponding peaks in the
microseism spectrum at or very close to twice the frequency. A primary
frequency peak in the seismic spectra at the same frequency as the sea
waves has also been identified in a special measurement program; but,
because its level is two orders of magnitude below that of the double
frequency secondary peak, it is not routinely observed in the magnetic
tape recordings.

The meteorology of the western Tasman Sea controls the wave climate
in the Cook Strait region and hence the microseismic response. If calm
weather prevails for some time, the sea wave spectrum 1is then
characterized by a single peak at about 0.07 Hz, produced by a persistent
swell arriving from the southwest out of the Southern Ocean. The
microseism spectrum has a corresponding peak at double this frequency.
If a local wind then arises, it is first evident as low level broadband
energy at the high frequency end of the wave spectrum. The microseism
spectrum shows components at twice these frequencies. If the local sea
continues to grow, the components in the sea spectrum will increase in
amplitude and the associated peaks will shift to lower frequencies. If
the wind persists long enough, the frequency of this peak approaches that
of the 1long period swell and usually swamps it, the two components
merging in a large peak at low frequencies. The frequency at which this
occurs is often around 0.11-0.12 Hz in the wave spectrum and 0.22-0.25 Hz
in the microseism spectrum. However, whereas the wave spectral levels
will increase by several times during this process, the microseism levels
can increase by several orders of magnitude. Figure 2 provides an
example of a typical time history. It presents a time plot of
significant wave heights and spectral histories for three major wave and

17
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microseism generating periods; the first involves a north to northeast
wind starting at 0000 h on 31 August 1979, the second a southeast wind
starting at 1100 h on 2 September, and the third a westerly wind
beginning at around 1800 h on 5 September. Figure 3 records the
environmental parameters for this same period.

A comprehensive review of all aspects of wave/microseism behavior
observed in the course of this study is presented elsewhere.30 In this
report, we restrict discussion to results relevant to identification of
those effects occurring at the ocean surface, which generate the pressure
field responsible for the acoustic ambient noise levels and microseisms
at very low frequencies. This will lead us in particular to a discussion
of periods of activity associated with southeasterly events similar to
that represented by the period 2-4 September in Fig. 2.

B. Selected Southeasterly Events

In the introduction, reference was made to those features of Cook
Strait which generate southeasterly (SE) meteorological events and which
make this region particularly suitable for ocean wave studies. It will
be instructive to develop this analysis in terms of a few such events,
selected from those observed over the three-year period in which
recordings have been made. While these specific events have been
selected because they tell the story most clearly, the general o
wave/microseism behavior described is characteristic of all such events. ) .
Descriptions of others are available elsewhere.30 'f;;;ﬁ
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1. Event 16-20 October 1981 K

'
S
) G

(a) Brief Description of the Meteorology for the Period

Over the period 13-14 October, a large anticyclone covered
New Zealand. 1In the Maui region the winds were dominantly westerlies at
around 10-15 m/sec (20-30 kt). As the anticyclone moved eastward on the
15th, the winds veered slowly north and lay in the northerly gquarter
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early on 16 October. During that day a low pressure system developing to
the south moved rapidly onto the country. A front associated with this
system crossed the Cook Strait region about midday. The wind shifted
rapidly and stabilized around bearing 135°T (SE) early on 17 October (see
Fig. 4). This shift in bearing was accompanied by an increase in speed
to over 30 m/sec. The depression continued to move eastward over the
next two days. The wind remained from the southeast, but the wind speed
decreased steadily to less than 5 m/sec on 20 October, by which time
another anticyclone covered the country.

Over the next few days, New Zealand was dominated by this
anticyclone. The winds in the Maui region were more or less constant
from the north and slowly increased to about 15 m/sec by 22 October. At
this time, another low pressure system moved onto New Zealand, and the
pattern of 16 October was essentially repeated. The winds again swung
north and steadied once again in the southeast quarter. This change was
again accompanied by an increase in wind speed (to over 30 m/sec),
followed by a drop to less than 5 m/sec 24 h later.

(b) Spectral Histories of the Wave and Microseism Fields

The behavior of the ocean wave and microseism fields is
best discussed in terms of the spectral contour plots for the period

(Figs. 4(a),(b)).

On 14 October, the ocean wave field at the Maui platform
is characterized by the low frequency swell (0.07 Hz) from the southwest
and the development of a local westerly sea under the influence of the
increasing westerly winds. The spectral levels of this local sea begin
to decrease early on 16 October as the wind shifts slowly in bearing and

decreases in intensity. S;gffg
Early in the afternoon of 16 October, the spectral levels Jp,_cs
increase sharply in response to the episodic event of that day, in which .:Q:gx

the wind swings rapidly to the southeast and increases to nearly

21

...................................




————— -7 . P—— -

|
FREQUENCY — Hz

FREQUENCY - Hz

0dB = 1 um’ Hz
L L .
5 40 v~ v — T T T v T R auns
ot X
o X ;o o1
2z3 & 0 (e}
g g2 5 0 ’ e T T T T et e + A
§E§ 32 LT . Y e EF T TY LI LT I . o el
Zas WWQ.“O\" P o PR
Qg 90 {d
;‘02 g 10p-— v, +- + + cam i 4—0——‘&‘- — g
‘Eﬁ S o 9
£3 I
i ‘t \
o
:_J.G 2 e )
T + — = + +- - —_+ e —

1S -
d =waman MICROSEISM SIGNAL

[ e bhhdal L ITE T T OISR 1 £ £ L bt o RN L Lt L T POu O

AVERAGE
PERILLS  wec
w O
o

H T
»
<
»
k3
»
<
m
b
o
”
T
e
)
2z
>
~
i
‘
) :
|
i
|
‘ !
N g

510, SHCROSEISM
H“EIGHT  um

WAVE MICRO PERIOD
’ %

1’ X

| ‘ ,

|

wé 0 - - - + - + - + +
;1 uf
[ 3
o \___,\
58 2
Fw [} — - x 4 4 - s B Iy
z 16 17 8 11 0 2
OCTOBER

FIGURE 4
TIME HISTC 'Y OF KEY ENVIRONMENTAL PARAMETERS
FO . THE PERIOD 16-25 OCTOBER 1981

ARL:UT

85-83-1158

ACK - GA °
o 10-25-83

P O S B




30 m/sec. A new low frequency peak in the wave spectrum has been
established by midday on 17 October, and this is sufficiently strong to
mask the low level southwesterly swell. Thereafter, this peak increases
in frequency, and all spectral components decrease in level as the winds
decrease slowly over the next three days.

f Throughout 14-15 October, the microseism noise field first
increases and then decays in response to the changing local westerly sea.
l;i The peak of the activity moves to lower frequencies throughout 14 October
in step with the growth of the wave field, the activity extending to
frequencies beyond 1 Hz. The actual four-hourly spectra for this period
were quite irregular in form, a characteristic invariably found with
growing and decaying wave fields (see Fig. 5). Throughout this period,

the activity associated with the growing local sea dominates the
microseism signal associated with the low frequency swell. The latter is
nevertheless clearly apparent in the wave spectra of 15 October, but
barely discernible in the microseism spectra for that time.

The wind change on 16 October produces a major and
characteristic response. The initial decrease in wind speed results in a
decrease in wave spectral levels. However, because of the shift in wind
bearing in this interval, the seismic spectral levels increase over a
broad frequency band, and then jump dramatically (by 20 dB) with the
rapid increase in wind speed at 2400 h (see Fig. 4). Associated with
this increase, the spectral peak moves rapidly to lower frequencies,
roughly in step with the peak in the wave field. As the two spectra grow
to their maximum development, they become narrower and smoother. The
narrower the spectra become, the closer the spectral peaks are to an
exact 2:1 frequency relationship. A close 2:1 correspondence exists by
1940Z 17 October and persists throughout the next day. Gradually,
however, both the ocean wave field and seismic noise field decay in
level, in response to the decreasing wind. This decay is accompanied by
a shift in the spectral peaks to higher frequencies.

The significance of the shift in wind bearing during a

southeasterly event is brought out clearly in the plot of the B
23 )
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environmental parameters in Fig. 4. In particular, the ratio of the
microseism/wave activity (Fig. 4(i)) shows a pronounced peak at this
time. Another example occurs with the event on 23 October in the same

e g o

, figure, and in the other selected example from March 1981 shown in
b Fig. 6.

The joint behavior of the two fields can be interpreted in
terms of wave-wave interactions. The rapid increase in wind speed (to
' approximately 30 m/sec) and change in bearing from northwest to southeast
' (approximately 180°) brings a rapidly developing southeasterly sea .into
direct opposition to the original high TJevel sea from the northwest
(significant wave height is approximately 3 m, see Fig. 4(e)). Moreover,
as the generating area for the latter covered a large part of the north
Tasman Sea, it could be expected to persist for some time in spite of the
strength of the opposing southeasterly winds. A classic situation
therefore exists for the production of wave-wave interactions of the type
envisaged by Brekhovskikh and others, and the generation of the
associated pressure field.

The very intense microseism activity apparent in the
initial part of the event of 17 October is considered to be the direct
result of the interaction of the two opposing seas. Microseism spectral
power levels reached the order of 10'9 mZ/Hz during the early part of
such episodic events, and at such times the power ratio of the spectral
maxima [Su(Zw)/Sa(w)]m was typically 200-300 (microns/meter)z. The
regular occurrence of these events in the present investigation and the
repetitive behavior involved give confidence in this interpretation.

In the event of 17 October, the high seismic activity
drops rapidly to 1lower steady levels at frequencies above 0.25 Hz at
around 0800. The wind reaches its highest speed at about this time and
the southeasterly sea its maximum development. It is believed that this

decrease in seismic noise level, which occurs without any corresponding ; o E
change in the local wave spectral Tlevels, reflects the demise of the ;:_,;_xj
initial northwest sea and a sharp decline in this form of wave-wave DN

interaction.




o0
243
-2
2608
~
208,
<m<?
L LALIL L) -v T TT 1
K 3 .
.“ ) 3 .
-t - & E < -NL' 4 + = -
! = x
' N O -
. I ! . «c
[ ] T <
m 5 et
[]
<
4 1 Hi 4 L
1 (] 2 |
) © :
i ~ w "
4 - t ".L 4 1 4 m
' e e
w ~ < -
T i 1 it 1t ) = B
! w ‘
i = X
! -
1t ittt} z _
. 3 (-] :
"3 w @
] i ] i 1 QU x> v L
“Aﬁ 4 D o« o~ DA
: o Cuw s
m " «g
g / i 4]
. m., ' { i & m
. - 19 z | 4 )
id! <
m z & < ...:.
{4 b 183 Iy < -
3 .
! > [- N 4
! = o o
' (- ¢ o .u
E o + + . - Y
o m b
:M - M N
et oW\t 2
v ! (*]
T i ~ [ o
a by M w -
A1 N ¢ 111 131 1 11 )1 ...&
YRRSgRERE"C 2 2 " g 2 VA~-gseImo m o
ZH — ADNINDIS ul....!.. .uuut _ Mm c..b.ﬁ.un.. _ ..int.o.w.w..m wrf - AHDIIN ..“
0 NOUDIWIOONIM 3% - SOIMA4  GOIIIC ONIIWIAVM Y s
+ NOLLDIYIQ IAYM FOVEIAY N ...L
te e
ey
o
. -g




It is to be noted that after the sharp drop in levels at o
0800 on 17 October, the high frequency spectral levels in both the wave
o and microseism spectra remain essentially constant throughout most of the
Ifu day. It is believed that this lower level of activity is associated with
h nonlinear wave-wave interactions involved in the maintenance of the .:’
N spectral form of the southeasterly sea, as discussed, for example, by
g Hasse]mann.24 In this regard, we note further that, in this time
5 interval, the wave and seismic spectral Tlevels about the peak remain
roughly constant. Further, initially the wave peak simply decays in ®
amplitude and shifts Tlittle in frequency, and only with further wave

field decay does the peak shift to higher frequencies. This behavior is

mirrored in the microseism response (also see Fig. 4). Moreover, as

discussed above, it is observed that the narrower the spectra, the closer [
is the frequency relationship to 2:1. This has been noted often in this ‘
study, the peak frequency of the seismic spectrum generally exceeding
twice that of the wave spectrum during the early development of the wave
field. On the other hand, the development of the wave spectrum usually
lags on the seismic field under a changing wind regime. It is now S
clearer why the seismic spectrum (and general wind induced ambient noise

field) correlates more closely with the wind than with sea state. S
Correlation with sea state occurs under steady state conditions. ;iﬁ—

This overall behavior 1leads us to conclude that the
nonlinear resonant interactions held to be responsible for cross-spectral g
energy transfer and the preservation of the shape of the wave spectrum of !,”
the changing sea are also a significant source of microseism generation.
We have found the levels of this activity to be typically of the order
10-11 mz/Hz, and the power ratio of the spectral peaks to be around )
10 (microns/meter)z. Both values are an order of magnitude less than L
those associated with the more energetic processes invoked when two ‘
distinct wave fields are in opposition. This activity is no doubt
present all the time when the winds are active, but is swamped when
opposing seas are interacting. !
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2. Event 21-25 QOctober 1981

The sequence of 21-25 October, also shown in Fig. 4, can
reviewed briefly by way of comparison.

Throughout 21-23 October, a local sea develops in the Maui
region, under the influence of increasing northerly winds. 8y
23 October, the significant wave height has risen to just less than 3 m.
Microseism activity develops with the wave field and, by early on
23 October, the spectral peaks are close to a 2:1 frequency relationship.
In line with the reasoning outlined above, the generation mechanism at
this time is attributed to wave-wave interactions associated with the
developing sea.

At around noon on 23 October, another southeasterly event
occurs in Cook Strait. The wind swings quickly from the north to
southeast and increases to over 30 m/sec before falling over the next
24 h. While the wave and seismic response is compounded by another
change in the wind field on 25 October, the same general behavior as was
observed in the earlier event can be recognized. Once again, the new
southeast wave field develops quickly. The peak frequency falls below
0.1 Hz and masks the ever present southwesterly swell, and the frequency
relationship steadily approaches a value of 2:1 (also see Fig. 7).

As in the earlier event, two distinct periods can be identified
in the microseismic response. Activity reaches high levels
(approximately 10‘9 mZ/Hz) while the two opposing seas are interacting,
although the peak activity is less than that recorded during the event of
17 October, in spite of the fact that the wind speed is a little higher.
It is believed this is due to the fact that the shift in wind bearing is
only around 100° and the seas are thus not directly opposed, rather than
there being any saturation effect. Further, the microseism activity
drops to lower levels as before, presumably when the original wave field
has been suppressed. The dominant source of the microseisms again then
becomes the wave-wave interactions associated with the adjustment of the
dominant wave field.
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In the next sections, supplementary evidence is presented in
support of the general conclusions outlined above.
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VI. SPECTRAL OVERLAP AND WAVE-WAVE INTERACTIONS OF OPPOSING SEAS

'.P' ol

In most of the southeasterly events, the switch in wind direction,
increase in wind speed, and growth of the southeasterly sea takes place
so rapidly that the four-hourly recordings on which the routine sampling e
was based rarely allowed the detail of the spectral development and decay ‘.*
‘to be resolved. The events of October 1981, analyzed above, were typical o
in this regard (see Fig. 7). Between 2340Z on 23 October and 0340Z on
24 October, the southeasterly sea developed rapidly and all evidence of _
the original northerly sea and southwesterly swell was lost in the wave ._’
spectra.

oy’ &1 4t
PO S

In an event on 28-29 March 1981, however, the wind changes took
place sufficiently slowly for the essential features of the developmernt
to be resolved (see Figs. 6 and 8). For several days prior to 28 March,
the winds in the Maui region were from the north-northwest and fairly
steady around 10 m/sec. On 27 March the wind increased briefly to a
speed in excess of 15 m/sec, decayed to zero, changed bearing to the
southeast (a change of around 180°), and increased to over 20 m/sec in a
period of about 20 h.

The combination of the 180° bearing shift and high wind speeds
before and after the change accounts for the large seismic response
observed at that time. The significant wave height prior to the wind
shift was 4 m, compared with 3 m at the period of maximum wind speed on S
28 March.  Microseismic activity reached a peak just after the wind »
change, but before the winds reached their new maximum of 20 m/sec. The -
equivalent seismic significant wave height reached a value of 25 x 10'6 m
(maximum power spectrum level of around 4 x 10‘10 mZ/Hz) and the peak .
spectral power ratio approached 50 (micron/meter)z. The period ratio l '
remained in excess of 2 from early on 27 March until the seismic activity -
decreased on 28 March.

Lo P
e 0 .
DTN R

An examination of the spectral development for 28-29 March, shown in » '4
Fig. 8, is instructive. The spectra for 28 March show the growth of the -
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southeasterly sea relative to the energy peak comprising a southwesterly
swell and the original sea from the northwest. At 1540Z, the levels are
comparable, the two spectra are conveniently resolvable, and the region
of overlap can be identified.

An examination of the spectra shows that the seismic activity again
occurs essentially in the region of overlap. On the linear presentation
used, there is no seismic energy apparent corresponding to the wave
energy associated with the southwest swell and the northwest sea.
Whatever is present is swamped by the intense activity associated with
the frequency region in which the two opposing local sea spectra overlap.

On the basis of theory (see Eq. (4)), the seismic activity resulting
from the wave-wave interactions should be proportional to the product of
the power spectra of the two seas. Assuming an w°5 frequency dependence
for the high frequency tail of the northwest component, a reasonable
qualitative evaluation of the spectra of the two opposing wave trains is
possible. Following this procedure and establishing the product of the
two resolved spectra leads to a spectral shape for the microseism signal
comparable with that actually observed (see Fig. 9). It seems clear that
the dominant seismic signal is generated by the interaction of the two
wave trains,

In the subsequent 24 h, the seismic spectral form reflects the

degree of spectral overlap of the two opposing wave fields, although in [ 4 '__,

some cases this 1is obscured by either the plotting gains used or - .j-_L;

extraneous wave energy arriving from distant fetches to the southwest. f{l-_i‘.j‘.:
®
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VII. THE DEPENDENCE OF SEISMIC RESPONSE ON SEA STATE/WIND SPEED

According to theory (Eq. (4)), there should be a square law relation
between two corresponding spectral levels when appropriate account is
taken of the frequency term in the expression. However, while an
inspection of the experimental data clearly indicates some power law
dependence between the seismic response and the ocean wave field,
complexities in the latter and distortions arising when the frequency
relationship between the two fields was not exactly 2:1 obscured an
examination based on spectral levels. It proved more informative to
consider the significant heights (or variances) using the connection
between the two provided by Longuet-Higgins' original forma]ism.9

A plot of the logarithm of the microseism significant height (or
variance) multiplied by TQ, where T is the mean ocean wave period,
against the logarithm of the ocean wave significant height (or variance)
for all the Maui spectral data for the two years (1980 and 1981) is given
in Fig. 10. A least square regression fit establishes the slope as 2.06,
with a correlation coefficient of 0.81, and apparently confirms the
square law expected.

In an alternative evaluation, the data from the major southeasterly
events recorded in 1981 were grouped according to the two wind
directions, SE and W, and a similar relationship established (Fig. 11).
In this case, however, a possible threshold level appears, below which
the wind induced component of the microseism activity is not truly
manifest. The grouping for the two data sets implies moreover that, even
though a square law dependence still prevails, the microseism response is
less energetic for the westerly winds.
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VIII. SPECTRAL SLOPE DEPENDENCE ‘0..

Another test of the interpretation that wave-wave interactions are '_Tri'w
responsible for the microseism activity observed in the cases reported in- R

volves the frequency dependence of the ratio Su(Zw)/[Sa(c.))]2 (see Eq. (4)). .o ‘
This can be tested by plotting the logarithm of this ratio against the
logarithm of the frequency. Alternatively, one -can establish the
dependence of the ratio on frequency by measuring the spectral slopes of
the two spectra in the frequency range of interest, which is normally above ®, .

the frequency of the spectral maximum fm. While both procedures are

applicable, lack of a precise 2:1 frequency relationship in some spectra

can distort the ratio determined. Furthermore, whichever approach is

followed, difficulties can also arise when the wave field is complicated by . ®
the presence of components from wave fields other than those of interest.

In general, it has proven easier to examine this question through the
measurement of the high frequency spectral slopes using the logarithmic T;iﬂf
plots of the two spectra, rather than the 1linear equivalent represented
earlier. The 1linear plots are more helpful in establishing initial
correlations and what is occurring within the wave field; but, for spectral o
slope evaluations, the greater dynamic coverage provided by the logarithmic .
plots is desirable. Typical logarithmic plots of the four-hourly spectra
for 17-19 March 1981 are shown in Figs. 12-14.

To establish spectral slopes, one should strictly take account of the .
exponential terms in the expressions for the Pierson-Moskowitz (PM) or
JONSWAP spectra.zg’32
not significant. Accordingly, the spectral slopes were established -
initially from a plot of 10910 Sa(f) (and Su(2f)) against 10glo(f). ?.

However, well above fm the correction involved is

Using data for 16 October as an example, the slopes of Sa(f) and
Su(2f) above f, are established as -4.5 in both cases. This leads to a o
frequency dependence for the slope ratio RS=Su(2f)/[Sa(f)]2 of +4.5, which o N
can be compared with the value +4 required by the theory of wave-wave -
interactions (Eq. (4)). Evaluations of many spectral pairs, however,
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showed that, while most values of Rs lay between 3 and 4, values ranged
from 1 to 9.

To establish some meaningful average for all conditions, an approach
based on nondimensionalized spectra was followed. This approach had been o
applied successfully to the wave spectra to establish properties of the
9 wave field and it was extended to the microseismic spectra. For details,
ﬂﬁ the reader is referred elsewhere,3° but essentially a nondimensionalizing
E: procedure based on that of Hidy and Plate33 was used. As Liu3% had found 0
= this scheme to give a universal function for steady, growing, and decaying '
[ wave conditions, it was considered appropriate to apply the
é nondimensionalization in the present case to spectra of southeasterly seas,
&i grouped according to these same classifications. 2P

& The southeast spectra were initially selected from the total set
" (about 5000 spectra) using the constraints that the wind had been
continuously in the southeast quarter for at least 6 h prior to the wave o
recording and that the spectrum contained at least 33 degrees of freedom. R
Each of the spectra so selected was then considered along with the wind
records to ensure that a southeasterly wave component could clearly be
identified. Ambiguous spectra were again discarded, as were any containing
significant swell, and finally only 349 southeasterly spectra were selected
for processing from the total set. The criteria applied to further
subdivide this group were:

GROWING Spectra, Gf:

I. ﬂind speeds increasing
II. Ocean wave spectral peak migrating to lower frequencies and
jncreasing in amplitude
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GROWING PEAK Spectra, Gp:

I. Wind speeds increasing
I1I. Ocean wave spectral peak increasing in amplitude

STEADY Spectra, S:

I. Wind speeds steady to within 1 m/sec for at least 4 h
II. Local southeast spectral peak steady in both amplitude and
frequency

DECAYING Spectra, Df:

I. Wind speeds decreasing
II. Wave spectral peak migrating to higher frequencies and
decaying in amplitude

DECAYING PEAK Spectra, Dp:

I. Wind speeds decreasing
I1. Wave spectral peak decaying in amplitude

The nondimensionalization involves multiplying the variance spectral
density function by the peak frequency fm, and dividing by the variance oz.
Each spectrum in a particular group was nondimensionalized in this way and
the group then averaged to arrive at the universal spectral function
¢(f/f ) for the group. This average spectrum was then curve fitted with
the norma]ized JONSWAP function30,32 to give a new function S(f). various
parameters were derived from this best fit curve for other studies. For
the present analysis, measurements of the spectral slope were made for
various intervals at frequencies above f by performing a linear regression
analysis on log S(f) as a function of 1og f. These intervals were selected
by a visual inspection of the normalized spectra. As an example, the
nondimensional spectra for the S-group (SE winds) are given in Fig. 15 and
the results of the analysis in Table I.
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SE
SPECTRUM
GROUP_ 1.1-3

WAVE MICROSEISM
FREQUENCY RANGE FREQUENCY RANGE
.0 3.0-4.5 1.1-4.5 1.1-2.0 3.0-4.5

TABLE I

VALUES OF THE RATIO Su(2w)/[Sa(w)]?
EVALUATED FROM THE SPECTRAL SLOPES OF THE NONDIMENSIONAL SPECTRA

SPECTRAL SLOPES AND SLOPE RATIO

R = Su(2w)/[Sa(w)]?
FREQUENCY RANGE (xf
1.1-4.5 1.1-2.0 3.0-4.5

1.T24.5

- DECAYING -3.9
- PEAK (D,) #0.1

- STEADY
-+ SOUTHWEST

....... APPSO

. STEADY  -4.15  -4.8
- (s) +0.05  +0.08

GROWING  -4.6 -5.4
- PEAK (G,) #0.1 +0.2
GROWING -4.43  -4.6

o (G4Ge)  +0.09 +0.3

-6.2
10.2

-4.53  -4.08  -6.28
+0.001  +0.05  +0.09

-409 -5.58 -5.58
+0.007  --- ---
-4.44 -6.52 -6.52
+0.007 --- -=-
-4062 -4-08 -608

+0.008  +0.07  +0.1
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-6.01  +4.2 +3.3
+0.05

-5.58  +3.6 +5.2
+0.04

-6.52 +2.3 +2.7
+0.03

-5.46  +3.8 +5.6
+0.1

-40 86

+2.3

+3.7
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The first feature apparent in the processed spectra is that for local
seas both the ocean wave and seismic spectra are apparently well described
by a universal function under the Hidy and Plate nondimensionalization.
Moreover, the spectra for decaying, growing, and steady conditions are all
found to be similar under this nondimensionalization. This implies that
the wave field itself rather than the atmospheric input is reéponsible for
preserving the similarity of the ocean wave spectra, a fact relevant to the
role of nonlinear wave-wave interactions in the process.

The second feature apparent in Table I and Fig. 15 is that the
universal functions for the wave spectra suggest the existence of a double
equilibrium range, with slope values roughly the same in all groups. For
f/fm in zhe range 1.1 to 3, the spectrum level dependence on frquency is
about f ', while above f/fm=3 the proportionality is closer to f ~. This
result, which has its parallel in work by Forrista],35 is discussed further
by Ewans.30 In the present context, this property of the spectra was
recognized in evaluating the slope of the spectral curves above fm' The
measured values and the resultant values of RS for each spectral group
(except Df) are tabulated in Table I. In all cases, the correlation
coefficient for the regression analysis was greater than 0.9.

The S-group contains the most spectra (39) and 1is considered to
provide the most reliable spectral parameters. An examination of Table I
shows that, in the region closest to the peak frequency, the value of Rs is
close to +4. In this same frequency interval, the value for Gp and Dp
groups is also close to +4, the average for all three being +3.9. In the
other spectral ranges, there is more variation in Rs' but average values
for these three groups in the frequency intervals 3.0-4.5 Hz and 1.1-4.5 Hz
at +4.4 and +3.6, respectively, are still close to the theoretical value.

The values of RS for the Ge and D¢ (not shown in Table I) groups are
lower in all three frequency intervals. The number of spectra involved is
small in each case, but the anomaly is perhaps not surprising when there is
movement in the spectral peak.
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Also shown in Table I are the spectral slopes for a steady SW sea and

once again we find a value of RS close to +4. The evidence from RS
therefore appears to support the thesis that nonlinear interactions within

the wave field are the source of the microseisms observed.

Anomalously low values of RS were also observed in the case of two
opposing wave fields and this needs further comment.

As has been outlined above, the most energetic seismic activity
experienced in this program occurred when a wind change of 180° brought two
opposing seas into interaction. This activity was confined to the region
of spectral overlap. It initially grew quickly to high levels over a wide
frequency band but died equally quickly to a Tower level once the new wave
field became dominant (see Fig. 4, for example).

A study of the slopes of individual spectra throughout such an event
shows that the Jow values of RS result because of high negative slope
values in the seismic spectra (see Table II and Fig. 4). However, the
seismic slope decreases quickly after the peak activity and falls to
“normal” values of the order -6. It is believed that at this time the
original wave field has been effectively wiped out and that the residual
seismic activity then results from wave-wave interactions within the single
wave field.

It is interesting to speculate whether the very high levels of seismic
activity arise through standing wave effects of the type originally
conceived by Longuet-Higgins9 or more energetic nonlinear interactions
involving the two wave fields. The highest levels recorded, of the order
10'9 mz/Hz, are 10 to 100 times greater than the values observed when
activity is associated with a single wave field. The nonlinear processes
require oppositely traveling components, and evidence from several sources
confirm these do exist in a single sea. For instance, Tyler et a1.36 quote
radio measurements which give an wupper limit of 0.02 for the
upwind/downwind ratio in wave energy flux. One may therefore expect the

seismic response from the interaction of two opposing wave fields of
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TABLE 11

l VARIATION OF SPECTRAL SLOPE
' THROUGHOUT THE EVENT 16-19 OCTOBER 1981

TIME WAVE SPECTRA MICROSEISM SPECTRA
DATE (Z) FREQ.RANGE SLOPE ERROR C.COEFF. FREQ.RANGE SLOPE ERROR C.COEFF.
October 16 0740 0.15-0.5 -4.29 0.13 0.98 0.3-1.0 -5.92 0.18 0.98
2340 0.15-0.5 -4.15 0.10 0.98 0.3-1.0 -9.06 0.09 0.99
October 17 0340 0.15-0.5 .- --- --- 0.3-1.0 -7.94 0.12 0.99
0740  0.10-0.5 -4.62 0.07 0.99 0.3-1.0 -6.23 0.22 0.97
1540 0.10-0.5 -4.56 0.09 0.99 0.3-1.0 -5.16 0.11 0.98
i October 18 0740 0.15-0.5 -4.42 0.15 0.98 0.25-1.0 -5.24 0.11 0.98
2340 0.15-0.5 -4.02 0.13 0.98 0.30-1.0 -5.8 0.18 0.98
i October 19 2340 0.20-0.5 -4.09 0.2 0.97 0.40-1.0 -5.12 0.22 0.97
49
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roughly equal magnitude to be some 100 times greater than that from a
single wave field alone. The observed ratio may therefore be significant
and lead to the conclusion that nonlinear interactions are responsible for
microseism generation in both single and opposing seas.

The lower values of RS for opposing seas are nevertheless still
intriguing in view of the w? dependence predicted ‘in some theoretical
ana]yses,11 but we must conclude that the spectral slope ratios are not
helpful in resolving this question. The relative distortions in wave and
microseism spectra make it difficult to draw any definite conclusions.
However, overall the evidence from the spectral ratios supports the role of
nonlinear interactions in the seismic effects observed.
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IX. AMBIENT NOISE CHARACTERISTICS

A. Spectral Behavior with Wind Speed

Because the geophysical data required to effectively evaluate the
properties of the transfer function in Eq. (3) are not available, we can as
a first approximation assume with Urick23 that the sea bottom is an
infinite surface, radiating and responding to plane waves incident from
above or below, and use the observed microseism levels to establish the
associated pressure field and compare the results with other ambient noise
measurements.

The results for the event of 16-20 October (see Fig. 4) are shown in
Fig. 16. Included for comparison is a spectrum taken on 24 October during
the period of high activity later in the month. In this and subsequent
figures, spectrum levels are related to a 1 Hz bandwidth and derived from
the equivalent form of Eq. (2), with f expressed in hertz:

2.2 2
sp(2f) = 2r° 23 ¢ [sa(f)] : (6)
c

Figure 16 demonstrates very well the nature of the spectral
development in an event of this kind. At 0340Z on 17 October, the wave and
seismic Jevels are high. As the wind drops, the spectral peak initially
decreases in magnitude without shifting significantly in frequency, but
evidence of movement 1in the peak is apparent by 1940Z on 18 October.
Thereafter, the peak continues to decrease and shift to higher frequencies.

By 1940Z on 19 October, the seismic activity associated with the
ever-present low frequency wave energy becomes visible. This component of
the wave field has its origin primarily in distant southwesterly swells
from the Southern 0cean,27’28 but energy will also be present from distant
fetches throughout the Tasman Sea.
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As the local sea continues to decay, the low frequency energy becomes
more and more dominant. In the Maui region, wave and seismic activity
rarely drop below the level represented by the spectrum of 1940Z on
20 October (Hl/3 ~ 1.2 m). The statistics of figz years indeed show that

This background will
therefore generally obscure wind dependent effects at low wind speeds.
Background levels are much lower on the east coast of New Zea]and,30 but

the average significant wave height is 2-3 m.

high residual swell levels can be expected in most open ocean areas.

It is not clear from the evidence whether the seismic activity
associated with this low frequency wave energy is the result of nonlinear
interactions between spectral components from distinct fetches or coastal
reflection processes in which incident swell interacts with its own
reflected energy.

B. Comparison with Other Data

The ambient noise levels of Fig. 14 are compared with other ambient
noise data in Fig. 17. The data selected for comparison are those
considered to be most relevant on the basis of the review carried out by

. 17
Nichols.

Within the bandwidth 0.1-2 Hz, the Tapley and Worley and the Eleuthera
data fall convincingly within the range of the New Zealand spectra.
Further, the wind dependence is of the same form. However, the rise in
spectral level below 0.1 Hz is not observed in the seismic results for
which a low frequency plotting limit of 0.09 Hz was imposed. Above 2 Hz,
the seismic data were affected by unrelated effects and are not included,
but it is clear that the trends above 2 Hz are comparable in all cases.

The Perrone and Bermuda data do not conform so well, but the authors
acknowledge uncertainties in the recording system below 1.0 Hz.

Results from the east coast of New Zealand, where residual wave and
seismic levels are lower and hydrophone information is also available, are

being processed and will be reported in due course.
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C. Comparison with Theoretical Predictions i el

1. Noise Level

The two currently favored theories relating wind and surface ERIR

. E El
waves to ambient noise generation at low frequencies are represented by the C
papers of Isakovich and Kuryanov4 and wﬂson7 on -the one hand, and

Brekhovskikh, 12 Hughes,14 and Lloyd!® on the other. PRI

The mechanism proposed by Isakovich and Kuryanov involves the ;._,' 1311
generation of noise by turbulent pressure fluctuations in the atmosphere
near the ocean surface. Wi]son7 has recently modified the original theory _
and used more modern wave height spectral information in computing the i
noise field. The predicted levels of noise induced by atmospheric _ )
turbulence for a wind speed of 15 m/sec (30 kt) are shown in Fig. 17 and to o
higher frequencies in Fig. 18. In the range of 20 Hz down to 10 Hz,
predictions agree reasonably with observations, but below 10 Hz fall below e
measured values. Wilson concludes that atmospheric turbulence is the _ -
dominant source of wind generated noise above 5 Hz and suggests, with
others, that surface wave-wave interactions are responsible between 1 and
5 Hz.

Also shown in Figs. 17 and 18 is a nois¢ prediction presented by
Nichols17 (his Fig. 16), based on (:‘.oncharov's16 theory of the interaction :
of surface waves and ocean turbulence. This is not markedly different from
that based on the nonlinear interaction of surface waves alone, but a
distinction between the two mechanisms can be drawn on the basis of the
frequency characteristics of the noise spectrum (see Subsection 2 below).

Early theoretical estimates of ocean noise generated by nonlinear
interactions do not agree closely with measured values either. However,
recently Hughes,14 incorporating modern surface wave data and allowing for
surface-bottom reflections, has produced revised estimates. His predicted
spectrum for a 15 m/sec wind (extrapolated below 1 Hz) is also shown in
Figs. 17 and 18. Below 5 Hz, his predicted values agree closely with the
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Tapley and Worley spectrum (average wind speed of 12.4 kt) and the Maui
spectrum of 18 October (1940Z) for which the wind speed was 15 m/sec
(30 kt) (see Figs. 16 and 17). Above 10 Hz, the theoretical values fall

below the experimental data. It is to be noted, however, that Lloyd has
shown Hughes' prediction to be too high by a factor of 2. Hughes' original
prediction and Lloyd's amendment are shown in Fig. 18.

At first, the close agreement between the present experimental
levels and the theoretical predictions at frequencies below 10 Hz might be
seen as fortuitous. The bottom amplification factor included in the
theoretical predictions shown in Figs. 17 and 18 (see Ref. 14, Eq. 42)
depends upon various parameters, including water depth, and there is
uncertainty in assigning values to these parameters appropriate to the Maui
area. A bottom reflection coefficient of unity is also assumed, which will
not be appropriate to the situation.

It is, however, instructive to compare the acoustic pressure
levels derived from the ground displacement with those calculated using the
observed values of Sa(f) in Eq. (6). For spectra with a close 2:1
frequency relationship, we find that, at frequencies close to the spectral
peak, the two values agree to within a few decibels. At higher frequencies
(0.4 < f < 1.0 Hz), the pressure levels derived from the wave field are
typically 10-15 dB below those deduced from the seismic spectrum.

If we allow a 10-15 dB bottom amplification factor to bring the
high frequency levels into agreement, the values near the peak become too
high by about the same amount (8-12 dB). Two possible explanations can be
considered. The first is that it is not sufficient to only consider the
effect of the bottom amplification on the incident pressure field generated
by the ocean wave interactions. With a reflection coefficient less than
unity, the frequency dependence of the bottom transfer function must be
considered. In Eq. (4), a simple frequency dependence was assumed and it
is conceivable that an additional frequency dependence is embodied in KZ‘
An overall frequency dependence of the form required to remove the anomaly
between the pressure fields as calculated from Egs. (2) and (4) is
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compatible with what is known of the sedimentary structure in the area. .
The inflection around 0.5 Hz, apparent in Fig. 15, is suggestive of a .
transfer function with a narrow peak. Alternatively, it is conceivable
that the two equilibrium ranges in the wave spectrum mentioned earlier (see L_Tfﬁj':;i':"'j:
Fig. 15) account for the mismatch between the two frequency regions in the Ll

P noise spectrum. This would imply that the wave spectral interactions
:.' differ in some way in each frequency range, leading to a different power L
‘ dependence in the frequency parameter in Eq. (6). Certainly nonlinear

wave-wave interactions are known to ’“-volve primarily frequency components i

near the spectral peak.24 It is even possible that a combination of such ' -
effects is involved. On the evidence available, it is not possible to L
resolve the question. It can be noted, however, that recently Burgess and R
I(ew1ey37 have shown that ambient noise levels are sensitive to bottom Y

reflectivity.

With the unknowns involved, the quantitative agreement obtained RN
is considered reasonable. It is obvious, however, that the Hughes/Lloyd i
prediction in Fig. 18 tends to fall below the experimental data (and the
predictions based on Eq. (6)) around the spectral peak. It is believed
that this arises because of the nature of the wave field in the Maui .
region. The present study has shown inter alia that a peak enhancement ST

factor, vy, as first discussed by Hasselmann et a1.32 is also necessary for B
an accurate analytical description of the spectrum of the seas on the west '-i?'tiij
coast of New zealand.?9:30 The effect of the peak enhancement factor
decreases rapidly away from the peak but, at the spectral peak, 7Y is .

approximately 2.9 for the Maui seas, so that the pressure field based on Tl
Eq. (6) will be greater by a factor of around 10 dB than the Hughes
prediction shown in Fig. 18.

In spite of the difficulty with absolute levels, we have
additional support for the role of wave-wave interactions below 5 Hz in the
theoretical dependence of the observed noise levels on sea state.
According to Eq. (2), the acoustic pressure level should be proportional to
the second power of the surface wave spectral density (i.e., to [Sa(w)]z).
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As discussed earlier, this relationship is confirmed by the results of
Figs. 10 and 11. Additional evidence is provided by the spectral frequency
dependence to be discussed next.

We note finally that, while Wilson's predictions relate to source
level, bottom amplification referred to above will have implications for
his theoretical curve presented in Figs. 17 and 18. This prediction
assumes a seabed of poor reflecting properties and hence no bottom
enhancement:.38 With allowance for bottom amplification, Wilson's
theoretical curve will be in closer agreement with observed values.

2. Frequency Dependence

Equations (2) and (4) imply that above the peak the frequency
dependence of the acoustic noise field (seismic or pressure) depends on the
high frequency slope of the ocean wave spectrum. The ratio Rs should
however display a fourth or third power dependence on frequency for the
ground displacement and acoustic pressure spectra, respectively.

This question was examined earlier and the results of an
examination of the ratio Rs using nondimensionalized spectra are given in
Table I. It is apparent that, in the region above the spectral peak, the
frequency dependence of Rs generally favors the nonlinear wave interaction
hypothesis.

Further, the detailed analysis of the nondimensional ocean wave
spectra in the Maui region3° established two intervals in the equilibrium
range (Table I and Fig. 15). However, using a mean value of -4.5 for the
high frequency slope of the ocean wave field Sa(w), one would expect Sp(2w)
in £q. (2) to display a frequency dependence of w3xw'9~w'6, corresponding
to a slope of around 18 dB/octave. Figure 16 shows that, at high wind
speeds, the spectral slope is of this order between 0.3 and 1 Hz.

Finally, Goncharov's ocean turbulence theory predicts a spectral
slope of w". The evidence from spectral slope information therefore
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appears to strongly support Brekhovskikh's theory that wave-wave
interactions are the noise generating mechanism at frequencies below 5 Hz.

D. Region above 5 Hz

At frequencies between 5 and 10 Hz, another mechanism is obviously
beginning to influence the noise level. As Wilson has pointed out, the
characteristics of atmospheric turbulence appear to account for the trends
observed in this region.

In the absence of any other source, one would expect a minimum in the
noise spectrum between 5 and 10 Hz. Such a minimum is apparent in Fig. 17.
It is furthermore a dofinite feature of New Zealand hydrophone data
currently being processed and is also strikingly demonstrated in some
recent Canadian results (I. Frazer, personal communication).

It is also an observational fact that the energy at very low
frequencies is first apparent at 4-5 Hz irrespective of wind speed, but
increases rapidly below this frequency. This 1is another reason for
believing that Wilson's theoretical predictions, without a correction for
bottom enhancement, will be at least 10-15 dB too low for most regions.

The nature of the spectrum above 5 Hz will however depend on the
relative levels of the two wind related noise components, and any shipping
and biological activity in the region. The effect these combined sources
might be expected to produce on a mid-depth mid-ocean noise spectrum at
frequencies below 100 Hz is shown in Fig. 18. At these frequencies, the
distortion introduced by volume attenuation will be minor.
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X. THE NONLINEAR SOURCE FUNCTION AND NOISE GENERATION

L Measurements of wave spectra from various regions, including Maui,
i indicate an apparent invariance of the nondimensionalized spectral shape.
It has been suggested from studies of the spectral energy balance that this
can be explained by nonlinear resonant wave-wave interactions. The process
not only has a shape stabilizing influence on the spectrum, but is also
responsible for the migration of the spectral peak to lower frequencies in

[ a growing wind-sea.za’32

In this model, atmospheric input in the central region of the spe..rum
is balanced by nonlinear energy transfer and leads to rapid adjustment of
the spectrum to a quasi-equilibrium level. However, across the peak, the
nonlinear source function Snl changes rapidly from positive to negative
values (see Fig. 19) and is unable to balance the positive source function
for the atmospheric input Sin' The imbalance in this region leads to a net
transfer of energy in the region of the peak.

Computations of the nonlinear energy transfer for various spectral
3 shapes shows that for a spectrum which is less sharply peaked than the mean
JONSWAP spectrum, the low frequency positive lobe of Sn] shifts from the
' forward face of the spectrum to a position immediately below the peak,

causing the peak to grow. On the other hand, if the peak becomes narrower,
the nonlinear source function develops an additional narrow, positive lobe
Jjust to the right of the peak, and the peak broadens again., Thus, the
spectrum adjusts to a self-stabilizing form in all cases maintained by : .
nonlinear transfer processes. - &

It has been shown34 that the transfer function near the peak is

dominated by dinteractions in which all components of the interacting O
quadruplets lie in the vicinity of the spectral peak and that the high e
frequency range of the spectrum s of only minor significance to the
evolution and stability of the peak. This property must be, at least in

part, responsible for the shape of the microseismic spectra. From all o
points of view, it 1{is reasonable to conclude that the nonlinear .
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interactions which stabilize the ocean wave spectrum also generate the
acoustic pressure fluctuations and microseism activity observed.
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XI. SUMMARY

It has been proposed that nonlinear wave-wave interactions and/or
atmospheric turbulent pressure fluctuations provide the most promising
explanations for the ocean noise generated in the region below 10 Hz.
However, the experimental data covering this part of the spectrum are
limited; and, although the evidence is supportive, it has not been possible
to provide positive confirmation to date. The main problems arise through
the experimental difficulties involved: most noise measurements have been
of only short duration and the supporting environmental data have been
limited.

An ocean environment possessing particular properties and long term
recordings so critical to the resolution of complex geophysical phenomena
were features of the present experiment, and it has provided clarification
of the roles of the two wind related noise generating mechanisms operating
at very low frequencies.

Specifically, it has been demonstrated that surface wave-wave
interactions are the dominant mechanism of noise generation from 0.1 to
5 Hz. This mechanism, which is also responsible for the cross-spectral
transfer of energy in the wave field and the generation of ocean induced
microseisms, clearly plays a major role in ocean wave processes.

It has been shown further why, as has been often observed,39 the low
frequency noise field correlates better with the wind than with sea state
and why there is effectively no phase lag. The nonlinear wave interactions
which adjust the sea state occur immediately when there is a change in the
wind field, but the ocean wave spectrum takes some time to accommodate to
the cross-spectral energy transfer.

The noise field is however not a simple function of wind speed. A
shift in bearing in a moderate wind field has been shown to have an effect
on the sea noise comparable with that produced by a large change in wind
speed on & constant bearing. [Indeed, several distinct interplays between

wind speed and noise level can now be identified.
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: The greatest wind related noise levels occur when a 180° shift in a
wind of long duration brings a growing sea into direct opposition with the
one already established. (This effect has been reported before,40 but its

' real significance has only been demonstrated with the long term data of the

'I present experiment.) While the two wave fields interact, the noise levels
remain very high, but drop quickly to levels some 20 dB lower as the new
wave field becomes dominant. This new level of activity reflects the
nonlinear processes active within the single wave field and the noise is

Z; now related more simply to wind speed.

The processes generating the underwater sound field are those respon-
sible for maintaining the general form of the ocean wave spectrum. As
these processes decay with decreasing wind speed, noise levels reach a
lower limit set by the same processes active within the residual wave
field. This background level will vary from region to region and, in fact,
differs by an order of magnitude from the exposed west coast of New Zealand
to the quieter seas on the east coast.

Between 5 and 10 Hz, another wind dependent process influences the
noise field. The present evidence supports earlier claims that”in this
frequency region the effects of atmospheric turbulence begin to be 0',:
manifest. The induced noise field is now related on a 1l:1 frequency basis
with the fluctuations 1in the exciting turbulence field and displays
different frequency and wind dependent characteristics.

The combined effects of nonlinear interactions and atmospheric
turbulence produce a minimum in the noise spectrum around 10 Hz. The "
visibility of the effects of atmospheric turbulence depends, however, on f!i&T
the influence of shipping and other sources on the noise field. §!>

- v'i
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A close equivalence between seismic levels and the wave induced
acoustic levels at the seabed at frequencies below 10 Hz has implications _
for the modeling of the ocean noise field. In the present experiment, the .o
levels of ground motion recorded by a land based sensor correlated closely :
with the exciting pressure field. Furthermore, on occasions components in
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the seismic spectrum could be correlated with wave activity on the east
coast of New Zea]and,27’30 confirming many earlier reports that even in
complex geological structures wave induced seismic signals suffer 1little
attenuation in transmission to 1long distances. The possibility exists,
therefore, for energetic storms to influence the noise field at distant
regions in the ocean. This possibility is especially marked if the wave
interaction occurs on the continental sheif. Downslope propagation as
proposed by wagstaff41 could in this case occur for any energy reradiated
into the water column. The possibility also exists for the equivalent of
T-phase transmission transferring energy into the sound channel.

In conclusion, it is of interest to observe that once again the study
of a problem in ocean acoustics has been not only dependent on input from
oceanography but has also provided a coqtribution to oceanography. In this
case, the properties of the ambient noise field have provided information
on mesoscale processes in the ocean wave field.
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